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<^ . We consider an interacting system of spinor and electromagnetic field, explicitly depend- 



ed 



ing on the electromagnetic potentials, i.e., interaction with broken gauge invariance. The 
Lagrangian for interaction is chosen in such a way that the electromagnetic field equation 
acquires an additional term, which in some cases is proportional to the vector potential of 
the electromagnetic field. This equation can be interpreted as the equation of motion of pho- 
i ton with induced non-Uivial rest-mass. This system of interacting spinor and scalar fields 

£jjTj' is considered within the scope of Bianchi type-I (BI) cosmological model. It is shown that, 

as a result of interaction the electromagnetic field vanishes at t — > oo and the isotropization 
process of the expansion takes place. 
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I. INTRODUCTION 

Though the triumphs of Maxwellian electromagnetism and quantum electrodynamics set the 
rest mass of photon to be trivial, the hypothesis of possible nontrivial photon mass has long been 
discussed in the literature The modern experimental data do not contradict this hypothesis 

ffsl— Tl~3h . So it is interesting to consider some additional arguments for or against this hypothesis. 
As one of such arguments can serve experimental data of modern observational cosmology, which 
witnesses the isotropy of the Universe. It is interesting to combine this fact with the description 
of matter by means of system of interacting fields including the electromagnetic one. In a recent 
paper 111411 we considered one of the simplest systems comprising with mass-less scalar and elec- 
tromagnetic fields and study the influence of such interaction on the expansion of the Universe 
in the asymptotic region. In that paper it was shown that if one consider only electromagnetic 
field, the two of the three spatial components vector potential are either constant or zero and the 
space-time in this case does not allow isotropization. 
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In the recent years system with nonlinear spinor field was extensively studied in different cos- 
mological models and it was shown that the nonlinear spinor field plays very important role in 
(i) isotropization of initially anisotropic space-time, (ii) formation of singularity free cosmologi- 



cal solutions, and (iii) explaining late-time acceleration [15-19]. In connection with this in this 
paper we consider an system of spinor and electromagnetic fields within the scope of a Bianchi 
type-I cosmological model and examine the influence of such interaction on the expansion of the 
Universe in the asymptotic region. 

II. BASIC EQUATIONS AND THEIR GENERAL SOLUTIONS 

We choose the Lagrangian of the interaction electromagnetic and spinor fields within the frame- 
work of a BI cosmological gravitational field in the form 



with / = A^A and S = We consider the BI metric in the form 



m\jfy+~K(I)@{S), (2.1) 



ds 2 = e 2a dt 2 - e 2 ^dx 2 - e 2p2 dy 2 - e 2p3 dz 2 . (2.2) 
The metric functions a, /3i , ft, ft depend on t only and obey the coordinate condition 

a=ft+ft+ft. (2.3) 

Written in the form 

rI = -k(t;- 1 -8;t), (2.4) 

the Einstein equations corresponding to the metric (12.21) in account of (|2.3I) read 

(a-a 2 + /3 2 + /3 2 + +/3 2 ) = -k{t$- 1 -t), (2.5a) 

e- 2a '$ x = -k(tI- 1 -t), (2.5b) 

e- 2a 'p\ = -k(t 2 - 1 -t), (2.5c) 



e -2a, 



e- 2a fo = —K\T^ — —TJ , (2.5d) 

where over dot means differentiation with respect to t and Ty is the energy-momentum tensor 
of the material field. 

Variation of (12.11) with respect to electromagnetic field gives 

The spinor field equation corresponding to the metric (12.11) has the form 

1 d<2) 

ify^- m y + -K(I) — y = 0, (2.7a) 

1 d3i 

N xj/yv+mxj/- K(I) — \jf = 0. (2.7b) 

2 dS 
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(2.8) 



The energy-momentum tensor of the interacting matters fields has the form 

We consider the case when the electromagnetic and scalar fields are the functions of t only. Taking 
this in mind we choose the vector potential in the following way: 

A M = (0,A 1 (0,A 2 (0,A 3 (0). (2.9) 
In this case the electromagnetic field tensor F^ v has only three non- vanishing components, namely 



^01 =^1 > ^02=^2, ^03=^3- 

On account of (12.91 ) and (12.101 ) we now have 

/ = A X A X = -A\e- 2 ^ -A 2 2 e^ 2 -A]e^\ 
F^F^ = -2e- 2a (A 2 e- 2 ^+A 2 2 e- 2 ^+A 2 3 e- 2 ^). 

For electromagnetic field from (12.61 ) we find 



(2.10) 



(2.11) 
(2.12) 



(2.13a) 
(2.13b) 
(2.13c) 



Let us now go back to the spinor field equation. The spinor field equation for the metric (12.21) 
takes the form 



d 
dt 


(Aie 






-2ft A , 


= 


d 
dt 


f A 2 e 






- 2 ^A 2 


= 


d 
dt 


r A 3 e' 


-2j8 3 ^ 


+ ^S)^e 2 - 


- 2 &A 3 


= 



w 



-a- &\ 1 w^<^ 

a Yo [dt + -)y-m ¥ + -K(I) — ¥ = 0, 



where is the Dirac matrices for flat space-time. Equation (|2.14l) can be rewritten as 

cc ( 1 d2 ! \ 

% + -Wa + ie a (m--K{I)—^ a =0, a =1,2, 

cc / 1 d3)\ 

¥b + ^Vb-ie a (m--K(I)—jxir a =0, b = 3,4. 

Solving (12.151) we find the following components of the spinor fields 

1 



y a = C a exp\---iJ [m--K(I)—je a dt 



a 



\j/ b = Qexp^-- + j/ (m--K(I)—)e a dt 



1 



d®\ 
~d~S 

d@\ 



From (|2.16l) we also find 



2"^' dS J 
S = S e- a . 



, C a = const. 
, Cb = const. 



(2.14) 

(2.15a) 
(2.15b) 

(2.16a) 
(2.16b) 

(2.17) 
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Finally, let us solve the Einstein equations. In doing so, let us first write the non trivial com- 
ponents of the energy momentum tensor of material fields. In view of (12.151) from (12.81 ) we find 



mS- ^K(I)@(S) + ^(A 2 l e- 2pl +A|<r 2ft +A^ 2fe )e 
\k{I) Qs - ®{S)) + \ (Me- 2pl -Ale-^ - A 2 e^ 



dl 1 



\k{I) Qs - 9{S)) + \ [k\e-^ -Aje-^ -k\e^ 



\ e -2cc 



dK 

i — 

dl 



UiMe- 2a 



A 2 A 3 e 



-2a 



-§A*).-*. 



A 3 A { e 



-2a 



dK 

7 

dl 



AtAi )e- 2 & 



From (12.181) one also finds 

T = mS+ 3 -K{I) d -^S - 2K(I) 9{S) - ^ (Aje~^ + Aje' 2 ^ + A 2 e~ 2 ^ 

_ Cltj ell \ 



In view of (12.181) and (12.191) system of Einstein equations now takes the form 



a-a 2 + /3 2 + /3 2 2 + /3 3 2 



ft 



Ke 



2a 



(2.20a) 



dK 



(2.18a) 

(2.18b) 

(2.18c) 

(2.18d) 
(2.18e) 
(2.18f) 
(2.18g) 

(2.19) 



! [A 2 e- 2a + ^A 2 y 2 ^+{A 2 e- 2a + ^A 2 )e- 2 ^ 



Ke 



2a 



mS+ ± K ^S-K®) + (A 2 e- 2a 



2 dS 



A\e- 2a 



dK 

1 — 

dl 



-A i\e 



-2/3 2 



dK 
~dl 

2ft 



A 2 )e- 2 ^ 



, (2.20b) 



ft 



ft 



Ke 



2a 



1 dS> 

-[mS+-K—S-K@) + [Aie 



A 2 e- la -9^Al)e- 2 ^ 



A\e- 2a 



\2„-2a 

dK 
~dl 



dK 

> 

dl 



Al)e- 2 ^ 



A e 



-2ft 



(2.20c) 



Ke 



2a 



( mS + l - K —S -KS) + l. A 2 e- 2a - ®—A 2 ) e^ 

v 2 ds j v i di y 



dK 



A\e- 2a 



2 dS 



A 2 e - 2a 



dl 



(2.20d) 
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The triviality of off-diagonal components of the Einstein tensor for BI metric leads to 



7; 1 = T} 



2a 



from which one finds 

MM _ MM _ MM _ ^dK^ 

A\A2 A 2 A 3 A3A1 dl 

From (12.221) one easily finds 

M_M_M 
Ai ~A 2 ~A 3 ' 

leading to the following relations between the three components of vector potential: 



A 1= A, A 2 = C 2 iA, 

with C21 and C31 being constants of integration. 
In view of (12.211) and (12.231) one easily finds that 



C31A, 



(2.21) 
(2.22) 

(2.23) 
(2.24) 



a-a 2 + /3 1 2 + /3 2 2 + /3 3 2 



Ke 



2a 



3d@ 



mS + K@- -K—S ] - 2^/— 



Ke 



2a 



2 dS 

mS+l-K^S-K® 
2 dS 



(2.25a) 
(2.25b) 



In view of (12.231) from (12.131) it can be shown that 

$i=$2 = $3- (2.26) 

In view of (|2.25b| ) and (12.261) one concludes that the /3 s differ by some constant only, namely 

/3 1= /3, J 8 2 = j8+ J 8 21 , j83 = j8+j8 31 , (2.27) 

with b, fai and /3 3 i being some arbitrary constants. Since these constants leads to the different 
scaling along different axis, there is only one option left, it is to set j8 2 i = /3 3 i = 0. That means the 
current model allows isotropization. Inserting 3>^-e 2a into (12.131) one finds the equation for A: 



AA+A 2 -2$AA = 0, 



with the solution 



A=JCi Je 2 Pdt + C 2 , 



(2.28) 
(2.29) 



where C\ and C 2 are arbitrary constants. 

On account of (|2.24l) and (12.271) one now finds 



Q= 1+cfj+C 2 ! = const. 



I = -QA 2 e - 2 $ , 

In view of (12.31) . (|2.25bl) and (12.261) the equation (|2.25al) can be rearranged as 



6/3 



32 



K 



2mS-@—[IK 
dl 



,2a 



(2.30) 



(2.31) 



In what follows, we consider some some concrete cases. 

Massless spinor field with Heisenberg-Ivanenko nonlinearity 
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Let us consider the massless spinor field with Heisenberg-Ivanenko nonlinearity. Note that, in 
the unified nonlinear spinor theory of Heisenberg, the massive term remains absent, and according 
to Heisenberg, the particle mass should be obtained as a result of quantization of spinor premat- 
ter [20]. In the nonlinear generalization of classical field equations, the massive term does not 
possess the significance that it possesses in the linear one, as it by no means defines total energy 
(or mass) of the nonlinear field system. Thus without losing the generality we can consider the 
massless spinor field putting m = 0. For Heisenberg-Ivanenko nonlinearity we have S>(S) = oS 2 . 
In this case Eq. (|2.25b| ) takes the form 

j8=0, (2.32) 

with the solution 

P = bt + bt, (2.33) 
where b and b\ are arbitrary constants. In view of (12.331) Eq. (12.341 ) now reads 

AA+A 2 -2bAA = 0. (2.34) 

The equation (12.341) allows the following solution: 

A = \/e 2bt -C, (2.35) 

Here C is an arbitrary constant. In what follows, we consider a specific solution to the Eq. (12.341 ): 

A = De b \ (2.36) 

with D being an arbitrary constant. Inserting (12.361 ) into (12.301) one finds 

I=-QD 2 , Q = e 2bl Q = e 2bl [l+Cl+C 2 l ]. (2.37) 

On account of (12.361) and Q> from the triviality off-diagonal components of energy-momentum 
tensor we find 

b 2 

K=—^I + C 3 , (2.38) 
with C3 being some arbitrary constant. Finally inserting K from (|2.38l) into (12.311) one finds 

(6 + 2KQD 2 )b 2 = KoSlC 3 . (2.39) 

Equation (12.391 ) gives the relation between different constants. 
Case with minimal coupling 

Let us consider the case with minimal coupling. In this case from the Off-diagonal components 
of energy-momentum tensor we find 

AiA 2 = A 2 A 3 = A 3 Ai = 0. (2.40) 

From (12.401) follows that at least two of the three components A; are constant, which means only 
one of the components of F^ v is nonzero. Let us assume that A 1 = A 7^ 0. In view of A2 = ^3 = 
from the electromagnetic field equations in this case we have 



A = C J e 2 ^ l dt +Ci, A 2 = const., A 3 =const., 



(2.41) 
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with C and C\ being some arbitrary constants. Components of the energy-momentum tensor in 
this case read 

C 2 

r ° -mS = T} = -r 2 2 = -r 3 3 = -j-e 2 ^ ~ 2a . (2.42) 
Einstein field equations in this case takes the form 

a-a 2 + /3 2 + /3 2 -f/3 2 = -f|L^-^« (243a) 



(2.43b) 



fc = ^ + =^, (2.43c) 

fc = ^ + ==V (2.43d) 

Unlike the case with interacting electromagnetic and scalar fields, in case of minimal coupling we 

have fii ^ fa = $3, which shows the space-time in this case essentially anisotropic. Addition of 
(I2.43bl) . (I2.43cl) and (I2.43dl) . on account of coordinate condition, gives 

a = -ir-e ^ H ■ ( 2 - 44 ) 

In case of massless spinor field the system (12.431) can be easily solved to obtain 

2t? 2 

e 2/3[ = 4cosech 2 (7K), V 2 = const, (2.45) 

kC\ 

and 

e 2a = e 2fo = e 2p 3 = smh 2 (2 46) 

Thus we see that direct interaction is essential for isotropization process of initially anisotropic 
space-time. 



in. CONCLUSION 

Within the framework of Bianchi type-I cosmological model evolution of the initially 
anisotropic space-time in presence of an interacting system of spinor and electromagnetic fields is 
studied. It is shown that the interacting term can be viewed as effective photon mass. The present 
model allows asymptotic isotropization of initially anisotropic space-time. 



[1] A.S. Goldhaber and M.M. Nieto, Rev. Mod. Phys. 43, 277 (1971) 

[2] K.D. Froome and L. Essen, The velocity of light and radio waves Academis, NY (1969). 

[3] B.N. Taylor, H.W. Parker, and D.N. Langenberg, Rev. M od. Phys. 41, 375 (1969). 

[4] L. de Broglie, Theorie generate des particles a spin Gauthier-Villars, Paris, 2 nd Ed. (1954). 

[5] A.H. Rosenfeld et al Rev. Mod. Phys. 40, 77 (1968). 

[6] E.R. Williams, J.E. Faller, and H. Hill, Phys. Rev. Lett. 26, 721 (1971) 



8 



Yu.P. Rybakov, G.N. Shikin, Yu.A. Popov and Bijan Saha 



[7] R.E. Crandall, Am. J. Phys. 51, 698 (1983). 

[8] M.A. Chernikov, C J. Gerber, H.R. Ott, and H.J. Gerber, Phys. Rev. Lett. 68, 3383 (1992). 

[9] B.E. Schaefer, Phys. Rev. Lett. 82, 4964 (1999). 

[10] E. Fishbach et al Phys. Rev. Lett. 73, 514 (1994). 

[11] L. Davis, A.S. Goldhaber, and M.M. Nieto, Phys. Rev. Lett. 35, 1402 (1975). 

[12] R. Lakes, Phys. Rev. Lett. 80, 1826 (1998). 

[13] J. Luo, L.-C. Tu, Z.-K. Hu, and E.-J. Luan, Phys. Rev. Lett. 90, 081801 (2003). 

[14] Yu.A. Popov, Yu.P. Rybakov, G.N. Shikin, and Bijan Saha Electromagnetic field with induced massive 

term: Case with spinor field ArXiv: 

[15] B. Saha and G.N. Shikin, J. Math. Phys. 38, 5305 (1997). 

[16] Bijan Saha, Phys. Rev. D 64, 123501 (2001). 

[17] Bijan Saha, Physics of Particles and Nuclei 37 Suppl. 1, S13, (2006). 

[18] Bijan Saha, Phys. Rev. D 74, 124030 (2006) 

[19] Bijan Saha, Physics of Particles and Nuclei 40(5),656 (2009). 

[20] W. Heisenberg, Introduction to the unified field theory of elementary particles (Interscience Publ., 
London. 1966). 



